Dengue virus (DENV) is the most important mosquito-transmitted flavivirus that is transmitted throughout the tropical and subtropical regions of the world. The primary mosquito vector of DENV in urban locations is Aedes aegypti. Key to understanding the transmission of DENV is the relationship between pathogen and vector. Accordingly, we report our preliminary characterization of the differentially expressed proteins from Ae. aegypti mosquitoes after DENV infection. We investigated the virus-vector interaction through changes in the proteome of the salivary glands of mosquitoes with disseminated DENV serotype 2 (DENV-2) infections using two-dimensional gel electrophoresis and identification by mass spectrometry. Our findings indicate that DENV-2 infection in the Ae. aegypti salivary gland alters the expression of structural, secreted, and metabolic proteins. These changes in the salivary gland proteome highlight the virally influenced environment caused by a DENV-2 infection and warrant additional investigation to determine if these differences extend to the expectorated saliva.
INTRODUCTION
Dengue virus (DENV) is the most important mosquitotransmitted flavivirus throughout the tropical and subtropical regions of the world. Among 2.5 billion people at risk for exposure, DENV is responsible for over 50 million cases each year in affected countries. 1, 2 The first epidemics of dengue fever were documented over 200 years ago and have been occurring with increasing frequency. 3 Since the 1950s, dengue hemorrhagic fever and dengue shock syndrome have emerged as serious public health threats, becoming the leading causes of hospitalization among children in several Southeast Asian countries. 4 The primary mosquito vector of DENV in urban locations is Aedes aegypti. 5 Key to understanding the transmission of DENV is the relationship between pathogen and vector. Much research has been done to examine vector infection by and transmission of DENV strains, but comparatively little is known about the direct influence of that infection on transmission. 6 -10 Vector competence experiments provide empirical findings on the relationship between infection and transmission potential; however, these studies rarely examine the underlying mechanisms of any perceived associations. Recent efforts to understand the role of innate vector immunity in limiting infection have yielded such possibilities as RNA interference and Toll pathways as modifiers of infection progress or kinetics, but the impact of such responses on transmission remains to be described. [11] [12] [13] [14] To date, researchers have explored the composition of uninfected Ae. aegypti salivary glands at a transcriptional level and the expressed protein level and even discerned the function of various salivary components. [15] [16] [17] [18] [19] [20] [21] [22] [23] Others have attempted to define the effect that DENV has on the salivary gland proteome in silico or by one-dimensional gel electrophoresis without identifying individual proteins by mass spectrometry. 24, 25 Similarly, another group has looked at the salivary glands of Ae. aegypti infected with an alphavirus. 26 As for DENV, the invertebrate response to infection that might be relevant to the transmission event in vivo using twodimensional gel electrophoresis and mass spectrometry-based protein identification has yet to be detailed.
Therefore, we report our preliminary characterization of the differentially expressed proteins from Ae. aegypti mosquitoes during a DENV infection. Specifically, we investigated the virus-vector interaction through changes in the proteome of the salivary glands of mosquitoes with disseminated DENV serotype 2 (DENV-2) infections. Thereby, only productive infections that might result in transmission are considered. In summary, after a disseminated infection with DENV-2, several proteins were found to be differentially expressed in these structures of Ae. aegypti that have putative roles in the transmission of virus during feeding.
MATERIALS AND METHODS
Virus. DENV-2, which was isolated from a human patient in Jakarta, Indonesia in 1978, was used for this experiment. It was inoculated on African green monkey kidney (vero) cells grown at 37 C and 5% CO 2 in Medium-199 with Earle's salts, Penicillin/Streptomycin/Amphotericin B, and 10% fetal bovine serum. After 5 days, the supernatant was harvested and used at a concentration of 2.76 + 10 6 plaque-forming units/mL. Mosquitoes. Laboratory strain Ae. aegypti Rockefeller were maintained under constant environmental conditions (28 C with a 16:8-hour light:dark photoperiod). The mosquitoes were allowed to feed on citrated bovine blood mixed with either (1) DENV-2-infected vero cell culture media or (2) non-infected control vero cell culture media at a ratio of 1:1 through a Hemotek feeding device (Discovery Workshops, Lancashire, England). After feeding, blood-fed females were sorted and kept at the same environmental conditions as above. After a 10-day extrinsic incubation period, mosquitoes were dissected, and their salivary glands were removed and stored individually at −80 C. Legs were removed and placed in 900 μL BA-1 diluent for viral RNA extraction and detection by quantitative reverse transcription polymerase chain reaction (qRT-PCR). 27 Only the salivary glands from the mosquitoes with disseminated infections confirmed by qRT-PCR were combined to create a pool of infected salivary gland extract in 200 μL phosphate-buffered saline.
Two-dimensional gel electrophoresis. The samples were subsequently taken through a ReadyPrep 2-D Cleanup Kit (Bio-Rad, Hercules, CA) and resuspended in two-dimensional rehydration buffer (Bio-Rad) consisting of 8 M urea, 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS), 50 mM dithiothreitol, 0.2% Bio-Lyte 3/10 ampholytes, and 0.001% bromophenol blue. Protein concentrations were determined with a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE); 30 μg protein diluted in the previously mentioned two-dimensional rehydration buffer to a final volume of 200 μL were loaded per sample per 11-cm (pH 3-10) non-linear immobilized pH gradient (IPG) strip (Bio-Rad) overlaid with approximately 2 mL molecular biology-grade mineral oil (Bio-Rad) to prevent evaporation. First-dimension electrophoresis conditions were 12-hour passive rehydration of the sample and the IPG strip followed by 15 minutes at 250 volts (v) and a rapid ramp up to 8,000 v over the course of 2.5 hours; subsequently, the strips were focused at 8,000 v until a total of 35,000 v/hours had been achieved. Then, a 500-v hold was implemented for approximately 30 minutes until the equilibration buffers were prepared. After the first-dimension isoelectric focusing, strips were equilibrated in three washes for 15 minutes each to remove excess mineral oil, reduce, and alkylate the proteins, respectively. The first buffer consisted of 6 M urea, 4% sodium dodecyl sulfate (SDS), 0.375 M Tris, and 20% glycerol, whereas the second and third buffers were the same as above but with the addition of 130 mM dithiothreitol for the second buffer and 130 mM iodoacetimide for the third buffer. The strips were then rinsed by briefly dipping into a graduated cylinder containing 25 mM Tris, 192 mM glycine, and 0.1% SDS at pH 8.3 (Tris-Glycine-SDS [TGS]) to remove all traces of the equilibration buffers; they were carefully loaded into the top well of a 12.5% Tris·HCl pre-cast second-dimension Criterion gel (Bio-Rad) and overlaid with molten overlay agarose consisting of 0.5% agarose in TGS buffer with 0.003% bromophenol blue (Bio-Rad). The gels were then loaded into a Dodeca (Bio-Rad) second-dimension rig loaded with TGS buffer and run for 2 hours at 100 v. The gels were then fixed in a 10% methanol and 7% acetic acid solution for 30 minutes, stained overnight with SYPRO Ruby (Molecular Probes, Eugene, OR), and destained for 30 minutes with 10% methanol and 7% acetic acid. The gels were then imaged on a Gel Doc XR Imager (Bio-Rad) using Quantity One 4.6.1 software (Bio-Rad) under the ultraviolet light setting and an exposure time of 20 seconds, and the resulting images were analyzed with PDQuest 8.0.1 Image Analysis Software (Bio-Rad).
Image analysis. For each treatment group (infected and non-infected), duplicate two-dimensional gels were matched by each protein spot present to characterize the relative abundance of individual protein spots between each gel in a given treatment group. Gels were normalized according to PDQuest's normalization setting Total Quantity in Valid Spots. As per PDQuest's user manual, in this normalization method, the raw quantity of each spot in a member gel is divided by the total quantity of all the spots in that gel that have been included in the synthetic master image according to the normalization formula: normalized spot quantity = (raw spot quantity + scaling factor)/normalization factor. The default scaling factor 10 6 was chosen to provide parts per million (ppm) values to the spot intensity measurements. This normalization method assumes that few protein spots change within the experiment and that the changes average out across the whole gel. This method allowed determination of the changes in protein spot abundance caused by our experimental treatment. The relative expression levels of the individual spots were evaluated by calculating a fold change value per spot as the infected spot intensity divided by the uninfected control spot intensity to determine the change relative to infection with DENV-2. A representative gel image has been provided with the spots excised for mass spectrometry analysis marked and numbered for reference ( Figure 1 ).
Mass spectrometry. After image analysis, representative gels containing all of the spots of interest from each group (infected Figure 1 . Analyzed protein spots. Representative Ae. aegypti salivary gland extract two-dimensional gel image (12.5% Tris·HCl in TGS buffer using a pH 3-10 non-linear IPG strip) with the spots cut and numbered according to the MS data included in Supplementary Information. and uninfected) were sent to the Harvard School of Public Health's Proteomics Research Center in the Department of Genetics and Complex Diseases for liquid chromatographytandem mass spectrometry (LC-MS/MS) analysis using an LTQ Orbitrap Mass Spectrometer (Thermo Scientific). Differentially regulated spots of interest were manually cut from the gel that contained the spot with the highest intensity to maximize subsequent MS success (i.e., up-regulated spots were cut from the infected gel, and down-regulated spots were cut from the uninfected gel). Protein identification from spectra was performed using the SEQUEST-Sorcerer algorithm (Version 4.0.4) and the Sorcerer IDA2 search engine (Version 3.5 RC2; Sage-N Research, Thermo Scientific) on an Ae. aegypti-specific database downloaded from VectorBase. 28 Additionally, results were searched against a non-redundant DENV-specific database (taxon ID 11052), and no DENV proteins were identified within the spots analyzed. Detailed peptide sequences, accession numbers, scores, and other MS-related data are included in Supplementary Information.
RESULTS
After normalization by the total quantities present in valid spots for each gel, a plot of the relative spot intensity was constructed ( Figure 2 ). This plot includes the average linear relationship of spot intensity between the DENV-2 infected and non-infected control groups as well as bounds at the twofold regulation difference in either direction. Overall, the infected group had 20% less spot intensity than the uninfected group (regression slope = 0.807), showing a global trend to down-regulation of protein spots; 15 spots were found to be up-regulated in DENV-2-infected salivary glands (twofold or greater increase compared with the non-infected control group), and 65 spots were found to be down-regulated (twofold or greater decrease compared with the non-infected control group).
Among the up-regulated protein spots, 13 spots were below the limit of detection for MS analysis and therefore, were not analyzed. The remaining two spots with sufficient intensity for detection by LC-MS/MS were found to consist of the following proteins: phosphoglycerate kinase, troponin T, enolase, pyruvate dehydrogenase, isocitrate dehydrogenase, fructose bisphosphate aldolase, and ubiquinol cytochrome C reductase ( Table 1) .
Fourteen of sixty-five down-regulated spots were within the limit of detection and thus, sequenceable. The following proteins were identified within the 14 spots and correspond to histone H4, actin, adenosine triphosphate (ATP) synthase, tropomyosin, hypothetical protein AaeL_AAEL010228 (a member of the 30 kD allergen family previously named aegyptin), myosin, gluthione s-transferase, ubiquinol cytochrome C reductase iron-sulfur subunit, dihydrolipoamide dehydrogenase, alanine aminotransferase, 4-hydroxybutrate CoA transferase, citrate synthase, D7, Toll, malate dehydrogenase, succinyl CoA-synthatase, electron transfer flavoprotein, voltage-dependent anion channel protein, mitochondrial reduced nicotinamide adenine dinucleotide (NADH) dehydrogenase, NADH-ubiquone oxoreducatase 13 kD subunit, cytochrome C oxidase, and conserved hypothetical protein AaeL_AAEL001082 (putatively identified as a lipid storage droplet-2 [LSD-2]) ( Table 1) .
A graphical summary of these proteins and their respective changes is represented in Figure 3 .
In addition to the previously mentioned 16 differentially expressed spots that were detectable by MS, the remaining 33 most intense spots on the gel were also sequenced, and the identifications and data are in Supplemental Information. As has been previously reported by others, several spots corresponded to the same protein, which was interpreted as evidence of post-translational modifications. 26 Additionally, the detection limitations of the MS analysis performed did not permit us to identify every single protein-level change detected during image analysis; therefore, there could be other protein-level changes occurring beyond the limit of our ability to identify.
DISCUSSION
Differential gene expression during a viral infection is a complex process that is highly dependent on each study's experimental design with regard to time of analysis and detection methodology. In an attempt to bypass those constraints, we investigated the result of those interactions by quantifying protein changes at the expressed protein level by two-dimensional gel electrophoresis followed by image analysis. In our study, the number of proteins down-regulated compared with up-regulated in response to infection was more than four to one. In support of our findings, similar reductions have been seen by others in recent transcriptome analyses. 29 Additionally, this finding contrasts with the findings Figure 2 . Regression of normalized protein spot intensities comparing infected with uninfected Ae. aegypti salivary gland protein extracts. Protein spots located outside of the twofold differential regulation bounds (blue and red lines) correspond to a greater than twofold change in protein spot intensity between the treatments. The average linear relationship of the infected:uninfected protein spot intensities is given by the linear regression line (green) and indicates that infected salivary gland extract (SGE) has 20% less spot intensity than the uninfected group (regression slope = 0.807).
of others who reported that transcript data obtained from Ae. aegypti were primarily up-regulated during infection. 30 Differences between this study and our results can be attributed to several factors. Their study analyzed whole-mosquito carcasses, whereas we limited our analysis to excised salivary glands. Also, different strains of DENV-2 (1232 versus New Guinea C) were used. In addition, as others have noted in Drosophila melanogaster infected with Drosophila C virus, activation of host gene expression at the transcriptional level does not always provide evidence of equivalent translation of the corresponding proteins. 12, 20, [31] [32] [33] Another functional explanation for our finding of a disparity between the number of down-regulated and up-regulated proteins may be the differences between salivary gland-specific analysis at the time point of 10 days post-exposure (DPE) and the generalized expression differences found throughout the carcass at that same time point. In this way, the different tissues in the carcass of the mosquito at 10 DPE were in varying states of viral infection (uninfected/infected/recovering) and therefore, had variable transcriptional responses to DENV infection, whereas the salivary glands themselves were the site of sustained viral infection. This finding is in accordance with the timetable of infection on various tissues examined by others, where at 10 days post-intrathoracic (i.t.) inoculation, the salivary glands were 100% positive for DENV-3 antigen; also, the compound eye and the levels of antigen were declining in the fat body and the brain, rising in the thoracic ganglion, and not yet present in the midgut (because of i.t.) and abdominal ganglion. 34 This explanation is also supported by the work done by others, although different strains of mosquitoes (Rockefeller versus Chetumal/Rex-D/ D2S3) and DENV-2 (1232 versus Jam 1409) were used: at 10 DPE, the levels of viral antigen began to decline in the midgut along with a notable decrease at 7 DPE in the trachea, showing varying levels of viral infection in different tissues by 10 DPE. 35 Also, the same study found that the salivary glands were infected as early as 4 DPE in the non-laboratory-adapted Chetumal mosquitoes and as late as 10 DPE in the laboratory-adapted Rex-D strain and that the percentage of infected salivary glands as well as the amount of viral antigen in the gland increased over time; these findings revealed a major DENV-2 tropism for this tissue, indicating that, at 10 DPE, the salivary glands were the site of active and sustained viral infection. 35 Among the proteins that were found to be reduced in response to DENV-2 infection, of particular interest is spot 8 (consisting of tropomyosin and myosin) as well as the conserved hypothetical protein AaeL_AAEL010228 (VectorBase), a member of the glycine-and glutamate-(GE)-rich 30 kD allergen family that is also known as aegyptins. 36, 37 It may be that the reduction in aegyptin would also decrease the likelihood of an allergen-related immune response at the bite site if it is also reduced in the expectorated saliva. It has been shown that humans bitten by mosquitoes lacking the ability to expectorate saliva failed to produce wheals at the bite sites. 38 Mosquito saliva induces numerous immunological reactions at the site of inoculation, including immunoglobulin E-(IgE-), IgG-, and T cell-mediated hypersensitivities, IgE-independent mast cell degranulation, and immune cell recruitment. 39 A reduction in these inflammatory immune responses could benefit the establishment of DENV-2 within the vertebrate host.
In addition to the status of allergen, aegyptin has also been shown to bind to collagen and inhibit platelet aggregation, which facilitates blood feeding by aiding in the prevention of blood clots. 37, 40 A reduction in the expression of this protein could enhance the likelihood of a successful viral infection at the bite site by encouraging the mosquito to expectorate more saliva relative to an uninfected mosquito in an attempt to restore aegyptin levels to the point where it can disrupt the clotting process, consequently increasing the overall viral inoculum. Alternatively, increased clotting at the bite site from reduced aegyptin levels could lead to an unsuccessful feeding attempt despite successful viral deposition, because the non-replete female then would be forced to seek another host, where a subsequent transmission event could occur. Either of these scenarios linking virally induced protein changes to feeding disruption could be the physiological basis for the increase in probing and feeding as seen by others. 34, 41 Another down-regulated spot of interest (spot 45) was identified as having subunits of D7 and Toll. Although D7 was found in three additional spots (two spots containing only D7 and one spot containing only D7 and a hypothetical protein [AaeL_AAEL012032]), none of these spots was significantly altered, suggesting that the reduction seen in spot 45 is caused by the Toll subunit. Therefore, DENV-2 may be altering the innate mosquito response to the virus by reducing Toll. The Toll pathway has been implicated in resistance to infection by multiple DENV serotypes in multiple strains of Ae. aegypti. 42 A reduction in the immune response against DENV-2 in the mosquito salivary glands could lead to increased viral titers in the expectorated saliva.
Spot 26 was also significantly reduced and shown to contain mitochondrial NADH dehydrogenase, NADH-ubiquone oxoreducatase 13 kD subunit, cytochrome C oxidase, and a conserved hypothetical protein (AaeL_AAEL001082). Although the composition of the spot is complex and it is impossible to determine which protein or proteins are responsible for the decrease in spot intensity, the hypothetical protein AaeL_AAEL001082 is an ortholog to the D. melanogaster protein LSD-2. 36 The decreased expression of this protein would be notable, because DENV has been shown to have a tropism to the fat body of Ae. aegypti. 43 If the reduction of this protein is seen throughout the mosquito, then this disruption of lipid-based energy homeostasis could result in an overall decrease in the energy stores of the mosquito, leading the mosquito to initiate additional host-seeking and feeding behavior and thereby, boosting DENV-2 viral fitness by additional transmission events. Alternatively, the reduction of this protein could also be because of the formation of vesicle packets from host cell lipid membranes, creating viral replication complexes as seen in another flavivirus infection (Kunjin virus). 44 Throughout the salivary gland, there seems to be a trend to a decrease in membrane-bound, energy-related proteins, such as ATP synthase, electron transfer flavoprotein, voltage-dependent anion-channel protein, mitochondrial NADH dehydrogenase, NADH-ubiquone oxoreductase, and cytochrome C oxidase, perhaps because of viral disruption of cellular membranes. 45 Other energy and/or lipid-related proteins found to be reduced were dihydrolipamide dehydrogenase, alanine aminotransferase, and 4-hydroxybutyrate CoA transferase.
Many of the remaining differentially expressed spots seem to contain proteins involved in metabolism, energy transport, and structural processes. For example, three up-regulated proteins-phosphoglycerate kinase, enolase, and fructose bisphosphate aldolase-are involved in glycolysis. In addition, isocitrate dehydrogenase and pyruvate dehydrogenase are components of the citric acid cycle, which were also increased. The enhanced expression of these particular metabolic proteins could be an attempt by the mosquito to compensate for the overall disruption of metabolism by the virus. However, three other proteins involved in the citric acid cycle (citrate synthase, malate dehydrogenase, and succinyl CoA-synthatase) were reduced, highlighting the importance for additional work on the differential regulation and function of these proteins. Some mosquito structural proteins were also found to have altered expression during DENV-2 infection. Troponin T, which binds with tropomyosin, was found to be up-regulated, whereas tropomyosin, myosin, and actin were down-regulated. 46 The changes in these structural components could be caused by viral disruption of cellular scaffolding during infection. 47 Histone H4 seems to be lowered, perhaps because of a reduction in normal host gene expression, causing fewer histone subunits to become uncoupled from their corresponding sections of nucleic acid. 48 Glutathione S-transferase is reduced, perhaps because of its involvement in binding to and exporting exogenous toxins from infected cells. [49] [50] [51] Finally, the conflicting finding of up-regulated ubiquinol cytochrome C reductase and down-regulated ubiquinol cytochrome C reductase's ironsulfur subunit could be explained by virally induced disruption of iron metabolism leading to lack of iron substrate for synthesis of the iron-sulfur subunits. 52 In summary, our findings indicate that DENV-2 infection in the Ae. aegypti salivary gland alters the expression of structural, secreted, and metabolic proteins. These changes may confer a fitness advantage on the virus by enhancing replication and dissemination in the mosquito or increasing the number of transmission events. Although this work is an important beginning, much information remains to be characterized. These salivary gland-specific changes (particularly, aegyptin) warrant additional investigation to determine if protein expression differences extend to the composition of expectorated saliva itself, thereby altering the viral inoculum and the resulting environment at the bite site.
